␤-Amyloid (A␤) pathology is an essential pathogenic component in Alzheimer's disease (AD). However, the significance of A␤ pathology, including A␤ deposits/oligomers and glial reactions, to neurodegeneration is unclear. In particular, despite the A␤ neurotoxicity indicated by in vitro studies, mouse models with significant A␤ deposition lack robust and progressive loss of forebrain neurons. Such results have fueled the view that A␤ pathology is insufficient for neurodegeneration in vivo. In this study, because monoaminergic (MAergic) neurons show degenerative changes at early stages of AD, we examined whether the APPswe/PS1⌬E9 mouse model recapitulates progressive MAergic neurodegeneration occurring in AD cases. We show that the progression forebrain A␤ deposition in the APPswe/ PS1⌬E9 model is associated with progressive losses of the forebrain MAergic afferents. Significantly, axonal degeneration is associated with significant atrophy of cell bodies and eventually leads to robust loss (ϳ50%) of subcortical MAergic neurons. Degeneration of these neurons occurs without obvious local A␤ or tau pathology at the subcortical sites and precedes the onset of anxiety-associated behavior in the mice. Our results show that a transgenic mouse model of A␤ pathology develops progressive MAergic neurodegeneration occurring in AD cases.
Introduction
Alzheimer's disease (AD) is characterized by dementia and degeneration of multiple neuronal populations in which ␤-amyloid (A␤)-related abnormalities are early and necessary pathogenic events (Sisodia and George-Hyslop, 2002) . The role of A␤ as a primary pathogenic and neurodegenerative agent in AD is supported by numerous in vitro cell culture studies showing that A␤ either is directly neurotoxic and/or exacerbates the effects of secondary insults (Mattson, 1995; Yankner, 1996) . With the development of transgenic (Tg) mouse models of cerebral A␤ deposition (McGowan et al., 2006) , it was hoped that these mice will develop overt A␤-dependent neurodegeneration in vivo. However, the results from Tg mice show either lack of robust neurodegeneration with A␤ pathology (Irizarry et al., 1997a,b; Calhoun et al., 1998; Wong et al., 1999; Boncristiano et al., 2002; Schmitz et al., 2004) or modest (10 -30%) loss of cortical/hippocampal neurons with prolonged A␤ pathology (Calhoun et al., 1998; Schmitz et al., 2004) . These results contribute to the view that A␤ pathology is not sufficient to cause neurodegeneration in vivo (McGowan et al., 2006) . One current view is that neurofibrillary tangle pathology, comprising hyperphosphorylated tau, is critical for AD-associated neurodegeneration, but this is lacking in A␤ Tg models.
In addition to the degeneration of cortical and hippocampal neurons, AD is associated with the early and progressive degeneration of monoaminergic (MAergic) neurons [serotonergic (5-HT) neurons in the raphe and the noradrenergic (NA) neurons in the locus ceruleus (LC)] (Marcyniuk et al., 1986; Zweig et al., 1988; German et al., 1992; Rub et al., 2000; Parvizi et al., 2001; Lyness et al., 2003; Grudzien et al., 2007) . Analysis of MAergic neuropathology in AD cases indicate that neurons that project to cortex (anterior raphe/LC) are pathologically affected, whereas neurons without cortical projections (posterior raphe/LC) are free of pathological changes (Marcyniuk et al., 1986; German et al., 1992; Parvizi et al., 2001) . A simple explanation is that the pathological changes in cortex, such as amyloid deposition and inflammation, leads to degeneration of the brainstem MAergic neurons. Significantly, degeneration of NA neurons may contribute to the progression of amyloid pathology in brain (Heneka et al., 2006; Kalinin et al., 2007) , and abnormalities in MAergic systems may underlie cognitive and noncognitive abnormalities of AD. Given this background, we hypothesized that A␤ pathology may be linked to degeneration of the MAergic system in the APPswe/PS1⌬E9 mouse model of amyloidosis (Jankowsky et al., 2004; Savonenko et al., 2005b) . Furthermore, if distal axonopathy-like neurodegeneration and/or defects in trophic signaling in response to cortical abnormalities are involved in A␤-dependent neurodegeneration, we believe MAergic neurons would exhibit increased vulnerability to neurodegeneration because MA neurons have long and profuse afferents into the forebrain regions that develop significant A␤ deposition.
Here, we show that progressive A␤ deposition in forebrains of the APPswe/PS1⌬E9 mouse model is associated with progressive degeneration of MAergic afferents, ultimately leading to the demise of MAergic neurons in midbrain and in brainstem. Overall, we show that a Tg mouse model of A␤ pathology can exhibit robust and progressive neurodegeneration without obvious neurofibrillary pathology.
Materials and Methods
Subjects. Tg and non-Tg mice of all possible genotypes were generated by mating MoPrp-Mo/Hu APPswe (line 3-3) with MoPrp-PS1⌬E9 (line S9) Tg mice as described previously (Savonenko et al., 2005a) . The Institutional Animal Care and Use Committee of the Johns Hopkins University approved the studies and conducted them in strict compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Immunocytochemistry. For histological analysis, the mice were perfused intracardially with 4% paraformaldehyde. Brains were cryoprotected, and serial frozen coronal sections (30 m) were serially distributed into individual wells of 96-well plates. To facilitate the identification of regions of interest for the quantitative stereological analysis, every 24th section through the entire brain was Nissl stained and compared with the stereotaxic coordinates of the mouse brain (Paxinos and Franklin, 2001) .
To detect 5-HT fibers and neurons, free-floating frozen sections (30 m) were immunoreacted with an anti-5-HT antiserum (Immunostar), followed by the ABC method (Vector Laboratories) using diaminobenzidine (DAB) as the chromogen. The NA and dopaminergic (DA) fibers/ neurons were visualized using an anti-tyrosine hydroxylase (TH) antibody (Novus Biologicals). In some cases, silver-gold intensification of immunoreactive fibers facilitated the identification of MAergic fibers (Mamounas et al., 2000) .
A␤ and amyloid deposits were visualized using anti-A␤ mouse monoclonal antibodies (4G8, 6E10) or rabbit anti-A␤42 antibodies (BioSource). Phosphorylated tau was detected using AT8 (Pierce), a monoclonal antibody specific for phosphorylated Ser202, or PHF-1 (gift from Dr. P. Davies, Albert Einstein College of Medicine, New York, NY), a monoclonal antibody specific for phosphoserines 396/404. Antibodies to Iba1 (Wako) and GFAP (Dako) were used to define microglia and astocytes, respectively. For double-immunocytochemical analysis using light microscopy, first primary antibodies were detected using DAB, followed by incubation with second primary antibodies and detection using the SG chromogenic substrate kit (SK-4700; Vector Laboratories).
For double-immunofluorescence analysis of antigens, bound primary antibodies were visualized with appropriate secondary antibodies conjugated to either Cy2 or Cy3. Immunoreactive structures were visualized by confocal microscopy using a LSM510-META system (Zeiss).
Stereological analysis of fiber length/density. The stereological length estimation with spherical probes (Stereo Investigator; MicroBrightField) was used to determine the length of MAergic fibers (Mouton et al., 2002) . Briefly, virtual spherical probes were placed within a thick section, and intersection of immunoreactive fibers with the sphere was counted. The lengths were measured at 50 random locations through the reference space. At each focal plane, concentric circles of progressively increasing and decreasing diameters were superimposed, and the intersections with the immunoreactive fibers and circles were counted ( Q). To minimize surface artifacts, a guard volume of 1 m was used. This method allows for simple determination of the total length density (L V ) and the total length ( L). To reduce the effects of variations in the area selection, L V was routinely used for comparison between groups.
Because the densities of MAergic afferents can show significant regional and rostrocaudal heterogeneity, we focused our analysis on the selected subregions defined by The Mouse Brain in Sterotaxic Coordinates (Paxinos and Franklin, 2001 ). For each neurotransmitter marker, every eighth section, from the randomly selected start within the first eight sections through the entire region of interest, was processed for immunocytochemistry. The following regions were examined: barrel field region of primary somatosensory cortex (S1BF; sections between bregma Ϫ0.10 to Ϫ1.22 mm, posterior to anterior commissure and anterior to hippocampus), primary motor cortex (M1; bregma 1.42-0.5 mm), amygdala (bregma Ϫ1.34 to Ϫ2.06 mm), and dorsal hippocampus (dentate, CA1, CA2/3; sections between bregma Ϫ1.46 to Ϫ2.18 mm). Post hoc analysis shows Ͻ10% variation between different genotypes in the average volumes of the areas examined. Table 1 shows the parameters used for stereology.
Stereological analysis of neuron number and size. For the analysis, every fourth section through the entire region containing LC, raphe, or substantia nigra, par compacta (SNpc)/ventral tegmental area (VTA) were immunostained and counterstained for Nissl. The total neuron numbers were estimated using the optical fractionator (StereoInvestigator; MicroBrightField) (Gundersen et al., 1988a,b; Mayhew, 1992) . In general, we used a 40 ϫ 40 m counting frame, a 1 m guard, a 130 ϫ 130 m sampling grid, and a dissector height of 10 m.
For unbiased stereological analysis of neuronal size (area and volume), neurons were randomly sampled within the region of interest using the sections used for cell counting (at least 50 neurons per section). Neuronal size was determined using the vertical nucleator probe. The area/volume of neuronal cell bodies were determined by placing four rays through the nucleolus. The cells were measured if their nuclear membrane intersected or touched the inclusion (green) line. The cells were excluded if the nuclear membrane intersected or touched the exclusion (red) line. The measuring rays were "cut" at the intersection with the cell membrane. If a ray extended into a dendrite, the ray was cut at the base of the dendrite. Table 1 shows the stereology parameters used.
HPLC-electrochemical analysis of neurotransmitters. The concentrations of biogenic amines in discrete brain regions were determined by HPLC with electrochemical detection (Thomas et al., 2007) . Briefly, the tissue was weighed and sonicated in 0.2 ml of 0.1 M perchloric acid containing 0.01% EDTA and 25 g/ml 3,4-dihydroxybenzylamine (Sigma) as an internal standard. After centrifugation (15,000 ϫ g, 10 min, 4°C), 20 l of the supernatant was injected onto a C-18 reverse-phase column (Spheri-5, RP-18, 4.6 mm ϫ 25 cm catecholamine column; BASi). The mobile phase consisted of 0.15 M chloroacetic acid, 0.2 mM (Crawley, 1999) was used to test novelty-induced exploration and anxiety levels as described previously (Laird et al., 2005; Melnikova et al., 2006) . Briefly, the round, white openfield arena had a diameter of 100 cm and 55-cm-high sidewalls. The illumination consisted of indirect diffuse room light (eight 40 W bulbs, 12 lux). Each subject was released near the wall and observed for 5 min. Motor activity in the open field was recorded by a computer-based video tracking system (Analysis VP-200; HVS Image). Activity measures included distance traveled (in centimeters), percentage of time spent in active exploration (episodes of movement Ն5 cm/s), and speed of movement during active exploration. To analyze anxiety levels, the activity measures were broken down into two zones. Based on our previous studies, a 20-cm-wide wall zone constituted the most preferred peripheral zone, whereas the rest of the open field was defined as a central zone comprising ϳ67% of the arena surface and was most aversive for mice.
Statistical analysis. All statistical analyses were performed using the Prism software (GraphPad). The statistical analysis included the twotailed t test and one-and two-way ANOVA. When F values showed significance at a level of p Ͻ 0.05, the Fisher's post hoc analysis or Newman-Keuls post-test was applied to determine where the differences among groups arose. Data represent mean Ϯ SEM for each group of animals.
Results
Progressive loss of MAergic afferents occur after A␤ deposition in APPswe/PS1⌬E9 mouse The APPswe/PS1⌬E9 mice develop early forebrain A␤ deposits at ϳ4 months of age (Jankowsky et al., 2004) . With aging, the A␤ deposition becomes more severe and is associated with astroglial and microglial reactions ( Fig. 1 A-C; supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Although A␤ deposits were observed in some subcortical regions, ventral midbrain and brainstem regions were generally free of A␤ deposits ( Fig. 1 D-F ) .
To determine whether A␤ pathology is associated with abnormalities in MAergic afferents, sections from brains of ϳ4-, ϳ12-, and ϳ18-month-old Tg and non-Tg mice were immunostained for 5-HT and TH. Qualitatively, MAergic axons show structural abnormalities that are consistent with axonal dystrophy in the older APPswe/PS1⌬E9 mice (Fig. 2 A) . Furthermore, the density of MAergic axons in the 12-and 18-month-old APPswe/PS1⌬E9 Tg mice appeared less profuse than in non-Tg mice (Fig. 2C ). To better document the progressive degeneration of the forebrain MAergic axons, we used a stereological approach using the spherical probes (Mouton et al., 2002) to determine the average density of the 5-HTϩ and THϩ axons in multiple cortical and hippocampal regions. At 4 months of age, when A␤ deposits are first appearing, the densities of MAergic axons were similar between all genotypes (Figs. 2 B, 3A, B) . However, the losses of MAergic axons from APPswe/PS1⌬E9 mice were clearly apparent at 12 and 18 months of age (Fig. 3) . Greater loss of MAergic axons in 18-month-old mice demonstrate the progressive nature of axonal degeneration. Furthermore, the loss of THϩ axons was greater than the 5-HTϩ axons at both ages. Consistent with the later development of A␤ deposits in amygdala (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material), MAergic axons were relatively spared in this region (Fig. 3) . The lack of MAergic fiber loss in amygdala, despite the significant A␤ deposition at 18 months of age, shows that the loss of MAergic axons seen in other brain regions is not attributable to simple space exclusion by the A␤ deposits. We also confirmed the loss of forebrain MAergic afferents by neurochemical analysis of 5-HT and NA neurotransmitter levels (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Normal density of MAergic axons in the singly Tg (APPswe or PS1⌬E9) mice (Figs. 2C, 3C, D) shows that the alterations in MAergic fibers are selectively associated with the development of A␤ deposits. 4G8). An increase in the A␤ deposits with aging is apparent in cortex (Ctx) and hippocampus (CA1; DG, dentate gyrus). Few A␤ deposits (A, arrows) are seen at 4 months of age. mos, Months. D-F, A␤ immunostaining of brain sections from 18-month-old APPswe/PS1⌬E9 mice containing ventral midbrain (D; SNr, substantia nigra pars reticulate), dorsal raphe (DR; E), and LC (F ). Except for a few A␤ deposits (arrows in D and F), these structures are relatively free of A␤ deposits. Aq, Aquaduct; Cblm, cerebellum; IV, fourth ventricle.
Neuronal atrophy and overt loss of MAergic neurons in
in the APPswe/PS1⌬E9 mice. We determined the number of MAergic neuronal cell bodies in the APPswe/PS1⌬E9 mice by unbiased stereology. Stereological estimation of the number of 5-HT (5-HTϩ) neurons in the raphe and NA (THϩ) neurons in LC show normal complements of 5-HT and NA neurons in the 12-month-old APPswe/PS1⌬E9 mice. However, by 18 months of age, there was ϳ50% reduction in MAergic neurons in the APPswe/PS1⌬E9 mice (Fig. 4 A-D) . To ensure that the loss of MAergic neurons reflects death of these neurons, we also determined the number of non-MAergic neurons in raphe and LC (Fig. 4 E) . We reasoned that if the loss of MAergic neurons results from the loss of neuronal phenotype rather than cell death, we should see an increase in the number of non-MAergic neurons. Our results show that the numbers of non-MAergic neurons are similar between the non-Tg and the APPswe/PS1⌬E9 mice (Fig. 4 E) . Because the number of MAergic and non-MAergic neurons are comparable within the region of interest delineated for counting both of these neuronal population, failure to observe changes in the number of non-MAergic neurons is not because of over abundance of non-MAergic neurons. Thus, our results indicate To test whether other MAergic neuronal populations degenerate in the APPswe/PS1⌬E9 mice, we determined the number of DA neurons in VTA, which innervate the cortex, and the DA neurons in SNpc, which innervate the striatum. Neuronal counts reveal significant loss of DA neurons in VTA, but not in SNpc, of the APPswe/PS1⌬E9 mice (Fig. 4 F) . The lack of significant neurodegeneration in SNpc is consistent with the previous observation of SNpc in the APPswe/PS1⌬E9 model (Perez et al., 2005) . The selective vulnerability of VTA neurons, compared with SNpc neurons, resembles the situation seen in AD cases (Mann et al., 1987) . More important, all of the major MAergic neurons with cortical/hippocampal afferents are vulnerable to progressive neurodegeneration in the APPswe/PS1⌬E9 mice.
Because degeneration of MAergic axons precedes loss of MAergic neurons by several months, we hypothesized that the early axonal degeneration may be reflected in the MAergic cell bodies before degeneration as neuronal atrophy. The analyses show that the selective atrophy of vulnerable MAergic neurons in the 12-month-old APPswe/PS1⌬E9 mice (Fig. 5) . Neuronal atrophy is progressive, leading to neuronal loss at 18 months of age. These findings indicate that atrophy of neuronal cell bodies is associated with dying back of MAergic axons, and, only later, is there loss of MAergic neurons.
MAergic neurodegeneration is not associated with accumulations of intracellular A␤ or abnormally phosphorylated tau in MAergic neurons
The lack of local A␤ deposits near the MAergic neuronal populations (Fig. 1 D-F ) suggest that the progressive MAergic neurodegeneration occurs with exposure of the MAergic axons to distal A␤ pathology. However, recent studies implicate accumulation of intracellular A␤ as an initiating factor in AD-associated neuronal dysfunction and degeneration (LaFerla et al., 2007) . Thus, we examined whether increased accumulation of intracellular A␤ could explain the progressive degeneration of MAergic neurons. Immunocytochemical analysis using the 4G8 antibody shows increased levels of neuronal 4G8 immunoreactivity in the APPswe and APPswe/PS1⌬E9 mice compared with the non-Tg mice (Fig. 6 A) . Both 4G8 and anti-A␤42 antibodies are very similar in the ability to detect A␤ deposits (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material) In cortical neurons, 4G8 immunostaining revealed punctuate localization similar to abnormal A␤ localization seen in other mouse models (Oakley et al., 2006; LaFerla et al., 2007) (Fig. 6 A; supplemental Fig. S5 , available at www. jneurosci.org as supplemental material). However, the anti-A␤42 antibodies do not convincingly show increased intracellular A␤ in any neuronal populations (Fig. 6 B) . Given the comparable abilities of the antibodies to detect amyloid deposits (supplemental Fig. S4 , available at www. jneurosci.org as supplemental material), it is unlikely that the anti-A␤42 is significantly less sensitive than the 4G8. Overall, our results indicate that 4G8 staining in Tg mice seen in this study arises from the overexpression of APPswe rather than the accumulation of intracellular A␤. More important, we do not observe any abnormal pattern of A␤ localization in MAergic neurons or obvious differences in A␤ localization between APPswe and APPswe/PS1⌬E9 mice ( Fig. 6; supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). Collectively, our results indicate that abnormal accumulation of intracellular A␤ may not be required for MAergic neurodegeneration in the APPswe/PS1⌬E9 mice.
Because intracellular accumulation of aberrantly phosphorylated tau may mediate neurodegeneration in AD, we examined whether the phosphorylated tau accumulates in MAergic neurons of APPswe/PS1⌬E9 mice. Immunocytochemical analysis shows abnormal accumulation of phosphorylated tau in structures around the A␤ deposits (Fig. 7 A, B) . Surprisingly, although these tau-containing elements are believed to be dystrophic axons, they are not coincident with the dystrophic MAergic axons (Fig. 7 A, B) . Moreover, immunocytochemical analysis of MAergic cell bodies did not show accumulation of phosphorylated tau within the cell bodies. These results suggest that amyloiddependent neurodegeneration can occur in the absence of obvious tau pathology in degenerating neurons.
MAergic neurodegeneration precedes onset of anxiety-related behaviors in APPswe/PS1⌬E9 mice Because MAergic neurons are involved in emotional behaviors (Zweig et al., 1988; Rub et al., 2000; Parvizi et al., 2001; Grudzien et al., 2007) , we asked whether MAergic degeneration in APPswe/ PS1⌬E9 mice is associated with any alterations in emotional behaviors. Mice at different ages were monitored for anxietyrelated behavior on an open-field activity test. The decrease in exploration and increase in time spent near the walls of the activity box (thigmotaxis) are indicators of increased anxiety-related behaviors. Our analysis shows that the APPswe/ PS1⌬E9 mice exhibit decreased noveltyinduced exploration at 24 months of age (Fig. 8 A) and increased thigmotaxis at 18 and 24 months of age (Fig. 8 B) . These results indicate that the APPswe/PS1⌬E9 mice develop anxiety-related behaviors at 18 and 24 months of age. Thus, MAergic neurodegeneration, occurring before 12 months of age, precedes the onset of abnormal emotional behaviors in APPswe/PS1⌬E9 mice.
Discussion
The results of the present study demonstrate that the APPswe/PS1⌬E9 mouse model of AD recapitulates the progressive degeneration of MAergic neurons occurring in AD. Our results extend the previous studies showing the late-onset loss of 5-HT/NA neurotransmitter levels (Szapacs et al., 2004) and the loss of LC neurons (O'Neil et al., 2007) in the aged APPswe/PS1⌬E9 mouse model by providing a comprehensive structural, spatial, and temporal analysis. Our results have significant implications. First, the results establish that robust neurodegeneration can occur in a mouse model of cerebral A␤ pathology in the absence of neurofibrillary pathology. Second, MAergic neurodegeneration starts at axon terminals and progresses to cell bodies, similar to the progression of MAergic neurodegeneration proposed for AD cases (Marcyniuk et al., 1986; German et al., 1992; Parvizi et al., 2001 ). Significantly, we could not document an obvious increase in accumulation of intracellular A␤ as a function of neurodegeneration. We note that the term "A␤ pathology" refers to a collection of events that include A␤ deposition and local glial responses It has long been proposed that a significant portion of neurodegeneration in AD is initiated at the axon terminals (Marcyniuk et al., 1986; German et al., 1992; Coleman and Yao, 2003) , and we provide in vivo evidence for the temporal and spatial relationship between A␤ pathology, axonal degeneration, and death of neurons. Specifically, the onset and progression of forebrain A␤ pathology precedes progressively severe loss of cortical MAergic axons and subsequent loss of MAergic neurons. Neuron loss in the APPswe/PS1⌬E9 mice occurs without significant local amyloid deposition near the degenerating cell bodies, indicating that exposure of the MAergic afferents to cortical/hippocampal A␤ pathology (A␤ deposits and/or A␤-dependent abnormalities) leads to axonal degeneration, followed by the loss of MAergic neurons. This overall pattern of neurodegeneration is consistent with findings in AD in which the MAergic neurodegeneration occurs without local A␤ pathology (Marcyniuk et al., 1986; German et al., 1992; Parvizi et al., 2001) . Rather, MAergic neurodegeneration in AD is selective for neurons that project to cortical regions (Marcyniuk et al., 1986; German et al., 1992; Parvizi et al., 2001 ). This distal axonopathy provides an explanation of why the correlation between the extent of local A␤ deposition and neurodegeneration is poor in AD. In addition to the lack of extracellular A␤ deposits near the cell bodies, the MAergic neurons do not show obvious increases in the intracellular A␤. Although we cannot exclude possible involvement of intracellular A␤ production by the MAergic neurons, our studies could not document an obvious increase in the accumulation of intracellular A␤ as a function of neurodegeneration.
Distal axonopathy is not a unique feature of neurodegeneration in AD or in the APPswe/PS1⌬E9 model because many neurodegenerative diseases and models of diseases have features indicating the presence of distal axonopathy. Furthermore, although we believe extracellular A␤ species are responsible for neurodegeneration of MAergic neurons, cell-autonomous or cell-intrinsic pathogenic factors can also cause a distal axonopathy type of neurodegeneration. For example, distal axonopathy is clearly a neurodegenerative feature in human amyotrophic lateral sclerosis (ALS) and in a mutant SOD1 Tg mouse model of ALS (Fischer et al., 2004) . What distinguishes neurodegeneration in the AD cases and APPswe/PS1⌬E9 model from other neurodegenerative diseases/models is that the vulnerability of neurons is somehow linked to exposure of axon terminals to A␤ pathology. For example, whereas LC neurons degenerate in both AD and Parkinson's disease (PD), the pattern of degeneration is disease specific (German et al., 1992) . Although only the LC neurons with cortical projections degenerate in AD, LC neurons in PD cases show a more uniform pattern of degeneration. This study concluded that LC neurons degenerate in PD because of the pathological process affecting all LC neurons whereas LC neurons in AD degenerate as a secondary response to cortical amyloid pathology. Similarly, although DA neurons degenerate in both the APPswe/PS1⌬E9 model (this study) and in the mutant SOD1 Tg model of ALS (Kostic et al., 1997) , the vulnerable populations are very different. Consistent with general vulnerability of SNpc DA neurons to intrinsic and extrinsic toxic insults, the SNpc neurons show greater vulnerability in the mutant SOD1 models (Kostic et al., 1997) . However, selective degeneration of VTA DA neurons in the APPswe/PS1⌬E9 model suggests that cortical projections of VTA neurons contribute to degeneration of these neurons. Early intrinsic factors causing distal axonopathy, possibly by axonal transport defects, could be involved in AD pathogenesis (Terry, 1996; Coleman and Yao, 2003) . If such is the case, our studies and studies of human AD cases (Marcyniuk et al., 1986; German et al., 1992; Parvizi et al., 2001) add support for the possibility that such intrinsic defects are caused by cortical amyloid pathology.
Our ongoing studies also support the view that A␤ accumulations have a direct impact on MAergic neurodegeneration. Specifically, A␤ immunization leads to significant attenuation of MAergic neurodegeneration in the APPswe/PS1⌬E9 mouse model (Y. Liu, M. K. Lee, J. Troncoso, and E. Oh, unpublished observations). Although we believe that MAergic neurodegeneration is A␤ dependent, it is possible that the insoluble A␤ deposits are not the toxic agents. For example, it is possible that smaller oligomeric species of A␤ (Kayed et al., 2003; Lesne et al., 2006) could be responsible for MAergic neurodegeneration. Alternatively, neuroinflammation caused by A␤ deposits could be important for neurodegeneration (McGeer et al., 2005) . Regardless, our observation now allows for future evaluation of these and other processes in AD-associated neurodegeneration.
The APPswe/PS1⌬E9 mouse model exhibits a particularly aggressive A␤ pathology. Thus, the lack of convincing subcortical neurodegeneration in other Tg mouse models may be related to less aggressive A␤ pathology in these models. This view is supported by our finding in the tTA/APP mouse model (Jankowsky et al., 2005) , in which aggressive forebrain-specific A␤ accumulation leads to progressive MAergic neurodegeneration (Y. Liu and M. K. Lee, unpublished observation). However, even in the Tg lines with less aggressive A␤ pathology, aberrant expression of cell-cycle-related proteins occur in the 5-HT and NA neurons but not in the cholinergic neurons , suggesting that MAergic neurons are particularly vulnerable to increased levels of A␤. Consistent with this view, a recent report shows that despite axonal abnormalities, Ach neurons do not show degenerative changes in the aged APPswe/PS1⌬E9 mouse model (Perez et al., 2007) . Although a complete analysis of the Ach system is in progress, our initial analyses of Ach afferents also indicate that Ach fibers are more preserved than the MAergic afferents and (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). The lack of Ach neuron loss in Tg mice may reflect species difference in cellular vulnerability. Alternatively, longer cortical afferents of MAergic neurons, compared with the Ach neurons, may increase vulnerability of MAergic neurons to defects in retrograde support. Because human neurons would have afferents of substantial length, even between cortical regions, differences in vulnerabilities may not be as apparent. One could also propose that MAergic neurons are generally more vulnerable to the neurotoxic insults. However, this simple view does not explain the sparing of SNpc neurons in our model (Fig. 4 F) . Thus, although intrinsic vulnerability of MAergic neurons could be a factor, it is clear that additional factors that are specific for the APPswe/PS1⌬E9 mouse model determine the pattern of MAergic neurodegeneration. Again, this view is consistent with the observed pattern of MAergic neurodegeneration in AD cases (Marcyniuk et al., 1986; Mann et al., 1987; German et al., 1992; Parvizi et al., 2001; Lyness et al., 2003) .
Whereas tau pathology is proposed as a necessary mediator of A␤-dependent neurodegeneration, our studies indicate that tau pathology is not required for neurodegeneration in the APPswe/PS1⌬E9 mice. However, significant a body of evidence indicates that tau abnormalities are likely contributing factors in neurodegeneration occurring in human AD cases (McGowan et al., 2006) . Thus, the presence of tau pathology may exacerbate A␤-associated neurodegeneration in mice. Given that tau levels modulate the A␤-dependent cognitive defect in the hAPP mice (Roberson et al., 2007) , it will be of significant interest to determine whether tau is required for the neurodegeneration in the APPswe/PS1⌬E9 mice. However, it appears that reductions in endogenous tau does not affect amyloid-associated neuropathology in the hAPP mice (Roberson et al., 2007) , and the lack of abnormal tau in dystrophic MAergic axons seen here suggests that tau pathology may not be required for A␤-associated neurodegeneration in vivo.
Another important implication of our results is that degeneration of the MAergic neurons may promote AD-related behavioral abnormalities and pathology in Tg mouse models. In addition to the temporal relationship between MAergic degeneration and the onset of anxiety-related behaviors, progression of MAergic neurodegeneration coincides with the onset and the progression of cognitive abnormalities in the APPswe/PS1⌬E9 mice (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material). This association is consistent with the fact that although defective 5-HT or NA neurotransmission does not affect cognitive function, the combined antagonism of both systems or the addition of anticholinergic compounds can induce cognitive defects (Kenton et al., 2007) . Significantly, toxin-induced degeneration of NA neurons in APP (amyloid precursor protein) Tg mice exacerbates amyloid pathology and cognitive dysfunction (Heneka et al., 2006; Kalinin et al., 2007) , and chronic administration of 5-HT reuptake inhibitor attenuates pathology and behavioral abnormalities in the 3XT-gAD mice (Nelson et al., 2007) . Thus, severe degeneration of MAergic neurons may have significant impact on the onset and progression of both the behavioral and the pathological abnormalities in the APPswe/PS1⌬E9 mice and in AD.
In summary, the APPswe/PS1⌬E9 mouse model of A␤ deposition recapitulates the progressive MAergic neurodegeneration observed in AD without additional toxic genes. Furthermore, MAergic neurodegeneration in the APPswe/PS1⌬E9 mouse model initially targets synaptic terminals/distal axons, resembling the MAergic degeneration in AD cases. Collectively, our results indicate that the APPswe/PS1⌬E9 mouse model provides a robust platform to define in vivo mechanisms of amyloiddependent neurodegeneration and to test neuroprotective strategies for AD.
